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Abstract

Relevance. The nature and properties of rare earth oxides affect the dynamics of magnetisation and surface magnetic
properties of the obtained ceramic materials. The electron paramagnetic resonance lines and the dynamics of their
intensity help understand the physical and chemical changes of oxides during heat treatment. They are also responsible
for the corresponding ionic form, the crystalline form of the oxide, and the magnetic features.

Purpose. To study the mechanism of formation of paramagnetic centres (using Yb** and Ce** ions), as well as the effect
of temperature on the processes of thermal generation.

Methods. The method of electron paramagnetic resonance spectroscopy was used. The mathematical processing of
the electron paramagnetic resonance line is shown using the theoretical Lorentz model.

Results. The electron paramagnetic resonance spectra for rare earth oxides indicate that heat treatment from 120 °C
to 1500 °C leads to a change in intensity, a change in the position of spectral lines and a modification of the value of the
g-factor. Heat treatment of oxide samples leads to a redistribution of the EPR spectral features and properties of oxides
and a predominance of features with corresponding discrete and continuous values.

Conclusions. The heights of the lines and the area under the curves of the calcined Yb,0, samples show a linear
increase in the structural rearrangement together with an increase in the number of magnetic domains. The electron
paramagnetic resonance spectra of the initial Yb,0,-CeO, oxide mixture show changes in the spectroscopic features and
the formation of Yb** cations
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Introduction

Materials based on cerium oxides and lanthanides are
widely used in high-tech industries. In recent years, ce-
rium dioxide has been used as protective coating that
absorbs UV radiation, as a major component of polishing
mixtures and abrasives and nanoelectronics in sensor
devices [1] that allow determining the minimum number
of impurities in gas mixtures, electrochromic coatings,
etc. Highly dispersed cerium dioxide and solid solutions
based on it are part of three-way catalysts designed for
efficient combustion of automobile exhaust gases, used
in selective oxidation reactions in the dehydrogenation of
alcohols, etc. [2-4].
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Significant interest in materials based on CeO, in
recent years exists because transition to the nanocrystal-
line state changes its physicochemical features. Cerium
dioxide is used in biomedicine [5; 6]. For example, the in-
troduction of a small amount of cerium dioxide into the
retina significantly reduces the negative effects of UV ra-
diation on photoreceptor cells, and CeO, , nanoparticles
significantly increase the viability of brain cells [1]. Cerium
nanocrystals of CeO, were among the first to show ac-
tivity similar to the activity of enzymes in a living cell [7].
They still remain one of the most promising materials
both in terms of the diversity of possibilities for the
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implementation of their anti-/prooxidant activity, and
in terms of the number of biomedical studies conducted
with these nanoparticles [7]. The prospects for the use of
cerium dioxide in biomedicine are related to two main
factors: low toxicity and high oxygen non-stoichiometry.

Additional oxygen non-stoichiometry can be
achieved by doping CeO, elements with an oxidation
state of 3+, in particular oxides of rare earth elements,
which also leads to an increase in the biological activity
of cerium dioxide-based materials. Solid solutions based
on CeO, are characterised by high ionic conductivity [5-8]
and absence of phase transitions in a wide temperature
range [9; 10]. Therefore, they are the most promising elec-
trolytes operating at moderate temperatures, because
their ionic conductivity and sensitivity to oxygen partial
pressure are much higher than that of ZrO, stabilised by
Y,0, (YSZ) [11]. One of the methods that allowed obtaining
detailed information about the local properties of nanosized
materials was electronic paramagnetic resonance (EPR).

Temperature treatment of mixtures of rare earth
oxides (REOs) is widely used to create various functional
materials for technical purposes. Typically, the nature of
the REO, the phase composition of the source powders,
the mode of their dispersion, the sintering temperature
and the crystal structure of the obtained ceramics sig-
nificantly influence the dynamics of magnetisation and
surface magnetic properties of the obtained ceramic ma-
terials [12-16]. EPR lines and changes in intensity allows
interpreting the physical and chemical changes in the ox-
ide during heat treatment, which are responsible for the
corresponding ion form, the crystalline form of the oxide
and the magnetic features of the oxide [13-16]. A suitable
form of the ion includes an ion in the substitution position
in the crystal lattice of the oxide, an ion in the internodes
in the oxide lattice and an ion in the impurity position. The
spectral features of EPR spectroscopy allowed concluding
on the mathematical model used and applied upon shap-
ing the line in the spectrum and the spectral features of
samples based on oxides (REO). The corresponding math-
ematical model contains the use of functions of Gaussian
curves, Lorentz and Pearson functions, inverse polynomial
and mathematical models of Voigt. The comparative
features of these mathematical models include complex
spectrum processing and allowed predicting the highest
quality and best model for the corresponding line in the
spectrum of oxides (REOs).

When using the EPR spectroscopy method, addi-
tional mathematical models are used for centres of low
symmetries, for fine and ultrafine structure in spectra, for
quadrupole interaction, for spin-orbit and spin-spin re-
laxation physical models. The application of these models
in the calculations of experimental data allows drawing
additional conclusions about the appropriate configuration
of ions and the structure of ions in crystal fields. The values
of the spin-orbital and spin-spin parameters and their fea-
tures allows drawing practical conclusions about the ion
configuration in oxides of rare earth elements (REOs) [17-19].

The EPR lines and changes in intensity allow
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interpreting the physical and chemical changes in the oxide
upon heat treatment. These changes are responsible for
the corresponding ion form, the crystalline form of the
oxide, and the magnetic features of the oxide. A suitable
form of the ion includes an ion in the substitution position
in the crystal lattice of the oxide, an ion in the internodes
in the oxide lattice and an ion in the impurity position.
The corresponding value of the g-factor for the EPR lines
in the spectrum allows drawing conclusions about the
shape of the ion and its location in the crystal lattice.

The crystalline form of the oxide consists of a cu-
bic, rhombic, trigonal, tetragonal, or hexagonal shape.
The value of the g-factor for the lines in the EPR spectrum
and their relative ratio allows concluding on and inter-
preting the shape of the oxide for the corresponding ion.
The intensity of EPR lines allows finding the relative and
absolute concentration of spins in the form of the corre-
sponding oxide and predicting their magnetic properties
and features. The magnetic features of the oxide lie in the
superposition of the corresponding magnetic and spectral
features of this oxide material. The corresponding value of
the intensity of the EPR line and the value of the g-factor
suggest an unambiguous conclusion about the magnetic
features of this material. The EPR spectra show lines related
to the paramagnetic, ferromagnetic, and ferrimagnetic
features of the respective material [13; 16; 20].

The value of the shift in the EPR spectrum for ox-
ides (REOs) involves the use of a model of chemical and
Knight's shift of the spectral line to the corresponding
oxide. Quantum-mechanical calculations lead to the con-
clusion that the line shift according to the theory leads
to additional changes in the value of electronic magnetic
susceptibility and the value of electronic magnetisation.
The value of the Knight’s shift is at the same time linearly
dependent on the value of the mass of the atom or the
mass of the ion of oxides of rare earth elements (REOs).
For crystals with axial symmetry, the Knight’s shift is de-
pendent on the angle between the axis of symmetry of the
crystal and the magnetic field. The angular dependence
of the value of the Knight’s shift with the corresponding
theoretical model allows finding the parameters of mag-
netic susceptibility and electronic magnetisation of the
material.

The purpose of this study was to investigate the
formation mechanism of paramagnetic centres with the
use of Yb** and Ce** ions; to study the temperature effect
on the thermogeneration processes of these paramagnetic
centres.

Materials and Methods

Industrial oxides of cerium and ytterbium were used for
the study, based on which mixtures with a weight ratio of
95 wt.% Yb,0, to 5 wt.% CeO, were made. The individual
oxides CeO, and Yb,0O, were compared. The starting com-
ponents were mixed in a ball mill for 2 h in the presence
of ethanol. The dispersed powders were compressed into
tablets with a diameter of 5 mm and a height of 4 mm
under a pressure of 13.3 MPa and sintered in an oven at



Bataiev et al.

temperatures of 1100 °C and 1500 °C for 10 and 50 hours.
Experimental measurements were performed on a spec-
trometer Radiopan 2547 SE/X, equipped with a resonator
type RCX660A, electromagnet ER 2505 and a high-fre-
quency unit MS212 with a frequency of 9.3 GHz. Glass
tubes were applied to perform EPR measurements. The
cryostat module of liquid nitrogen was used to measure
temperature dependences in the range from 77 to 300 K
[21; 22]. The obtained results indicated a good correspon-
dence of the theoretical model for EPR spectra. To obtain
REOs mixtures, the following ratio of oxides was chosen:
90 mol.% Yb,0, to 10 mol.% CeO,. The starting compo-
nents were mixed in a ball drum for 2 hours. The powders
were compressed into tablets with a diameter of 5 mm
and a height of 4 mm under a pressure of 13.3 MPa and
sintered in an oven at temperatures of 1100 °C and 1500 °C
for 10 hours.

The method of electron paramagnetic resonance
(EPR) spectroscopy was used to study the initial oxides
of CeO,, Yb,0,, CeO,-Yb,0, mixtures and ceramics based
on them obtained at temperatures of 1100 °C and 1500 °C.
Magnetic and spectral parameters, cerium and ytterbium
and ceramics based on their mixture are studied. Mathe-
matical processing of EPR lines is performed by using a
theoretical Lorentz model. Line width measurements are
performed according to the standard results processing
procedure.

In this study, the experimental setup for the electron
paramagnetic resonance spectroscopy (EPR) measurements
were performed on EPR spectrometer Radiopan 2547 SE/X,
equipped with resonator type RCX660A, electromagnet
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Figure 1. EPR absorption lines of Yb,O, for processing
temperature Ref. -1100 °C -1500 °C

EPR characteristic of the initial Yb,0, powder
and ceramics based on REOs. The dependences of the
intensity of the EPR absorption spectra for the initial Yb,O,
powder and the ceramic samples obtained at both tempera-
tures selected for the experiment are shown in Figure 1.
The EPR spectra demonstrate changes in the intensity of
the transmission lines which indicates changes in proper-
ties and parameters of the Yb,0, oxides. High temperature

device ER 2505 and corresponding high-frequency unit
MS212 with frequency of 9.3 GHz. Experimental mea-
surements of electronic paramagnetic resonance (EPR)
spectral transition line parameters were performed by
using the EPR spectrometer equipped with a TE type res-
onant cavity. In measuring temperature dependences in
the range from 77 to 300 K, the cryostat module of liquid
nitrogen can be used [13; 20; 23; 24]. The changes in spec-
tral features were measured using an EPR spectrometer
under appropriate experimental conditions, settings and
modes setup.

Results

The dependences of the intensity of the EPR absorption
spectra for the initial Yb,0,-CeO, ytterbium oxide powder
and the ceramic samples obtained at both temperatures se-
lected for the experiment [12-16] are presented in Figure 1.
The measurement results indicate a considerable effect
of the treatment temperature of Yb,0.-CeO, samples on
their spectroscopic features. The obtained EPR spectra
were analysed for each sample; the measurement results
were subject to high-quality integration [14-16]. The width
and the centre of the lines show the offset for each sample,
and, in general, correspond to the expected. Intensities
and area under the curve increase for both heat-treated
samples (Figure 2). For the studied samples, the experimen-
tal results agree well with the theoretical Lorentz model.
The quality and measurement procedure [17-19], interpo-
lation and compliance with the Lorentz theoretical model
are proved by the value of Adj. R-square, which is equal
to 0.99.

Differenciated EPR Spectroscopy for Yb,O, Sample.
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Figure 2. Derived from Yb,0, spectroscopic EPR
lines and spectral features for different processing
temperatures Ref. -1100 °C -1500 °C

treatment of the Yb,O, oxides shows redistribution in the
spectral parameters along the spectral range of the EPR
spectra. Emergence of the additional spectral lines be-
tween main two phases of the Yb,O, oxide indicates fine
structures formation. Initial state of the REO oxides is
mostly in paramagnetic region with g-factors close to 4
that is common to the most nonmagnetic materials. The
minimal presents of the ions in the region of g-factor of



2 indicates form of the oxide. Temperature treatment of
1100 °C leads to increase in more ferromagnetic parameters
of the Yb,0, oxide in region with g-factor equals to 2. This
fact means the ferromagnetic properties dominates for
this form of the oxide. High temperature treatment of
1500 °C leads to increase both in paramagnetic and in fer-
romagnetic parameters of the Yb,0, oxide in region with
g-factor equals to 4 and 2, accordingly. This fact is pre-
sented in Figure 1 and indicates partial domination of the
paramagnetic form of the oxide. This form of the oxide
includes both paramagnetic and ferromagnetic properties
of the oxide in the material. This implies emergence both
paramagnetic ions and ferromagnetic ions in the appro-
priate form of the material. The FWHM of the transition
line g-factor of 4 remain constant for paramagnetic pa-
rameters which implies no phase changes in the form of
the Yb,O, oxide.

The FWHM of the transition line with g-factor of
2 demonstrates considerable changes for ferromagnetic
parameters and implies formation of the new form of
the oxide. This fact adds significant meaning to the in-
terpretation and attribution of the physical and chemical
mechanisms of the new oxide form formation under high
temperature treatment of the REOs oxide materials. The
area under the curve can also indicate changes in number
of ion and spins that are in the appropriate form of the
oxide along the spectral range. This parameter is clearly
demonstrating the new form of the oxide with g-factor of
2 for the FWHM of the transition line of the Yb,0, oxide.
Additional heat treatment 1500 °C leads to existence of both
ferromagnetic and paramagnetic forms of the oxides. The
FWHM of the both oxide form returns to two lines forms
and remains close to the FWHM of the initial base form
of Yb,0, oxide. The area under the curve can be the one
of the important parameters to find and indicate changes
in oxide formation of the form of the oxide REO mate-
rial. Features and parameters that indicate changes in
oxide form include the area under the curve, the reso-
nance field, full width at half maximum and intensity of
the spectral line of the oxide material. Theoretical model
can be additional factor to indicate changes in the form of
the oxide form REO material. Additional spectral param-
eter is present close to g-factor 1.25, which is attributed
to the formation of the additional phase of the oxide.
On the spectra graph it is shown this spectral line that is
attributed to the physical mechanism in the text below.
The measurement results indicate a significant effect of
the high temperature treatment of Yb,0O, samples on their
spectroscopic features. The obtained EPR spectra were
analysed for each sample; the measurement results were
subject to high-quality integration [18-20].

The width and centre of the lines show the offset
for each sample, and, in general, correspond to the expected
results. Intensities and area under the curve represented
in Figure 2 increase for both heat-treated samples. The qual-
ity and measurement procedure [13; 16; 25], interpolation and
compliance with the Lorentz theoretical model are proved
by the value of Adj. R-square, which is equal to 0.99.
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For the input sample (T=120 °C) in the EPR spec-
trum, lines were found at 1508 G and 3502 G, which char-
acterise the corresponding oxides of CeO, and Yb,0, with
a factor of 3,893 and 2,025, respectively. In the sample of
ceramics obtained at T=1100 °C, changes in the intensity
and width of the spectral line of the oxide Yb,O, were
detected. The above changes correspond to the emer-
gence in the EPR spectrum of the Yb*" cation line with
unchanged features of cerium oxide at 1550 G. In the
sample with heat treatment at 1100 °C there are EPR lines
for Yb,0, found lines at 1508 G and 3502 G with g-factor
values of 3,893 and 2,025, respectively. These lines cor-
respond to finding the ground position for the Yb** ion.
The similar arrangement of the line and its shape indi-
cates the emergence of monoclinic ytterbium oxide for a
factor with a value of 2,025. The same conclusion can be
obtained for the second main line of the EPR with a factor
value of 3,893.

In the sample (1500 °C within 10 h) in the treated EPR
spectrum for Yb,O, there are lines 1316 G, 1508 G 1725 G,
1951 G, 2236 G, 2422 G, 2755 G, 3057 G, 3242 G with the cor-
responding values of g-factor 4.31, 3,893, 3,478, 3,144, 2.82,
2,637, 2,362, 2,138, 2,025. In the sample (1500 °C within 50 h)
in the treated EPR spectrum for Yb,0,, there are lines
3911 G, 4196 G, 4456 G, 5084 G, 5495 G, 5854 G with the cor-
responding values of g-factor 1.72, 1,611, 1,522, 1,354, 1,254
and 1,188. In this case, the presence of several phases in
Yb,0, in the corresponding phase form was determined.

Figure 3 demonstrates the intensity of the line at
1508 G is maximal and corresponds to the emergence in
the spectral features of the Ce®* cation sample. The EPR
spectrum also indicates a 3502 G line corresponding to
the Yb** ion, and a new 5495 G line has appeared, which
characterises the transition of the Yb ion to a new form
and the possible phase conversion of cubic Yb,0, oxide to
monoclinic. Changes in the EPR spectrum after heat treat-
ment at T=1500 °C correspond to the presence of most of
the spins of the sample in the spectral state with an energy
of 1508 G. The spectra also contain spins in the spectral
state with energies of 3502 G and 5495 G.

Differenciated EPR Spectroscopy for Yb,O, Sample.
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Figure 3.Derived from Yb,0, spectroscopic EPR
lines and spectral features for different processing
temperatures Ref. -1100 °C -1500 °C
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The intensity dependence of the experimental EPR
lines measured for Yb,0, samples fully corresponds to the
Lorentz theoretical model shown in Figure 4. Characteristic
spectral parameters, such as the width, centre, and shape
of the EPR lines, show changes within the Knight’s shift.
The height of the lines and the area under the curves of
the calcined Yb,0, samples indicate a linear increase in
the structural rearrangement, accompanied by an increase
in the number of magnetic domains.

Two lines corresponding to the ions of **Yb and
7Yb isotopes were found in the EPR spectra at the frequency
of the g-factor value of 1,991. There are also lines in the

4

N
monoclinic systems. Figure 4 demonstrates an increase
in the calcination temperature is accompanied by an in-
crease in the g-factor and a corresponding shift of the
spectral line towards smaller magnetic fields.

Figure 5 demonstrates lines with g-factor values
of 3,478 and 1,427 correspond to the cubic phase of Yb,O,
oxide. The intensity of the lines with this g-factor dominates
in the spectrum of these oxide samples (Table 1). These
lines are in the spectrum at 1725 G and 4808 G on the reso-
nant field scale in the EPR spectrum. In this case, the Yb**

ion takes the form of the main ion in the crystal of this
oxide based on (REOs).

spectrum that, for Yb** ions correspond to cubic and

Integrated EPR Spectroscopy for Yb,O, Sample. Differenciated EPR Spectroscopy for Yb,O, Sample.
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Figure 5. Integrated lines of EPR spectra of Yb,0,
samples in g-factor representation

Table 1. Spectral features of samples based on oxides of rare earth elements (REO) with He (Gauss) and g-factor
parameters for heat treatment at Ref., 1100 °C, 1500 °C

g-CeO, RF-CeO, g-Yb,0, RF-Yb,0, g-Yb,0,-CeO, RF-Yb,0.-CeO,
g-factor Hc (Gauss) g-factor Hc (Gauss) g-factor Hc (Gauss)

1 3.96 1557 4.31 1316 5.23 1023

2 4 1462 3,893 1508 3.71 1592

3 4.35 1371 3,478 1725 2.96 2120

4 4,215 1426 3,144 1951 2.62 2488

5 3.76 1656 2.82 2236 2,276 2848

6 3.32 1930 2,637 2422 2,097 3133

7 3.01 2172 2,362 2755 2.03 3250

8 2.45 2775 2,138 3057 1.97 3359

9 2,025 3242 1,907 3476

10 1.88 3502 1,522 4465

11 1.72 3911 1,419 4808

12 1,611 4196 1,329 5176

13 1,522 4456 1,304 5276

14 1,354 5084 1,279 5378

15 1,254 5495 1,234 5595

16 1,188 5854 1.17 5921




EPR characteristic of the initial CeO, powder
and ceramics based on REOs. Characteristic spectral
lines corresponding to the presence of Ce*" ions with a
characteristic line at 1550 G with a g-factor of 4.4 are found
in the EPR spectrum and is shown in Figure 6. The cor-
responding value of the resonant field 1550 G, line width
and line shape indicate the emergence of a line of cerium
oxide CeO, in the spectrum in the main sample. The po-
sition of the line characterises the magnetic component
of this sample CeO, with a g-factor of 4.4. The line width
corresponds to a value of 40 G and means the ionic char-
acteristic of the corresponding line with a value of Ce®*.

Spectroscopy Lines CeO, Samples in Gauss Units.
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Figure 6. EPR absorption lines for a CeO, mixtures and

ceramics based on REO

3000 3500

For the Figure 7 with the spectrum of the derivative
for the corresponding CeO, sample, the values of the
g-factor and the values of the resonant field of the EPR
spectrum are given. The corresponding EPR lines of the
spectrum are determined by the higher resolution and
the ratio of the EPR signal to the noise component. The
line width is measured according to the standard results
processing procedure for the corresponding line and
mathematical model. The line intensity derivative is pro-
portional to the EPR line intensity and corresponds to
the magnetic susceptibility of the sample. The value of H
height of the spectroscopic EPR line means the number
of spins in this state with a given g-factor under the same
experimental conditions.

For the CeO, sample, the values of g-factor before
and after heat treatment are given with a value of 4.4 for
the main line and 3.8 for the line after treatment at 1500 °C.
The EPR spectrum also contains 2400 G spectral lines with
a g-factor of 3.0 and a 2600 G line with a g-factor of 2.5,
which are characterised by a minimum value of intensity
relative to the main lines. Note that most of these lines
are absent in the composite oxides based on CeO, and
have minimal effect on the spectral, magnetic, and ionic
features of the samples. The shape of the EPR line char-
acterises the corresponding theoretical Lorentz model for
mathematical processing of the corresponding line or the
corresponding set of spectral lines represented in Figure 8.
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Figure 7a. Derived EPR absorption lines for a CeO,
mixture and ceramics based on REO
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Figure 7b. Derived EPR absorption lines and spectral
features for a CeO, mixture and ceramics based on REO

Integrated Spectroscopy Lines CeO, Samples in Gauss Units.
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Figure 8. EPR absorption lines for CeO, mixture and
ceramics based on REO and their compliance with the
theoretical Lorentz model

Figure 8 with the EPR spectra demonstrates the
integral intensity and spectral lines with the corresponding
values of the resonant field and the g-factor for the CeO,
sample. The presented lines are processed using a theoreti-
cal Lorentz mathematical model. Figures 7a and Figure 7b
show the changes in the intensity of the main line at 1550 G
with a g-factor of 4.4 at a temperature treatment of 0 to
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1500 °C. It is shown that heat treatment leads to changes
in the intensity of the corresponding EPR lines. Processing
of the sample at 1100 °C leads to increase in the intensity
of the main line by 30%. Treatment of cerium oxide at
1500 °C leads to decrease in the intensity of the main line
of CeO, by 50% and the emergence of additional spectral
lines at 1900 G and 2500 G with g-factor values of 3.8 and
3.0. These lines correspond to the additional emergence
of cerium oxides of CeO, ion form in the internodes [110]
and [1170]. The emergence of Ce** substitution ions in the
crystal lattice with a g-factor of 2.5 and a resonant field at
2750 G is possible.

The emergence of additional spectral lines is ac-
companied by a decrease in the intensity of the main line
by 1550 G with a g-factor of 4.4. The coefficient of reduction
of the intensity of the main line and the relative intensity
of the additional spectral lines after thermal treatment
demonstrates the conservation law for the total number
of spins in different oxide forms. The law of conservation
of the number of spins allows finding additional spectral
lines that appear during heat treatment for cerium oxides
CeO, or changes in the external factor of oxide treatment.

Characterisation of CeO,-Yb,0, ceramics by
EPR spectroscopy. In the EPR spectrum of Yb,O, oxide
in CeO,, spectral transition lines with a resonant field
value at 1550 G with a g-factor of 4.45 were additionally
found. The spectral line is present and increases with the
corresponding spectral processing temperature by a factor
of 10 from 1100 °C to 1500 °C. The position of this line and
the absence of a line with a g-factor of 3.4 in the spectrum
mean that the line belongs to the oxide Yb,0,.

A set of lines with a resonant field of 2700 G, 3200 G
and 3500 G, corresponding to the values of g-factor 2.5,
2.25 and 1.99, was also found and measured in the spec-
trum in Figure 9. Lines with such g-factor values are absent
in the spectrum of pure CeO, oxide, which means the
presence of lines with such g-factors in the Yb,0O, spectrum.
The presence of several lines in the EPR spectrum with
a g-factor of 2.0-2.5 means the presence of two or more
phases of Yb,0, oxide in CeO,. Changes in intensity during
heat treatment correspond to an increase or decrease in
the concentration of the corresponding oxide phase de-
pending on the temperature. According to the spectral
features in the initial sample there are lines expressing
the basic form of the oxide with a g-factor of 2.25. After
heat treatment of 1100 °C, the corresponding changes in
the EPR spectrum are presented, stating the emergence
of several lines with a g-factor of 2.5, 2.25 and 1.9. Heat
treatment at 1500 °C leads to an increase in the intensity
of the EPR line and the transition of the oxide to the main
position of the line with a g-factor of 2.25.

Figure 9 demonstrates the EPR spectral lines at
4750 G, 5000 G, 5300 G, and 6000 G, which refer to the
g-factor values of 1.44, 1.25, 1.15, and 1.1, respectively.
Such changes in the EPR spectra indicate the emergence
and redistribution of the phase structure of Yb,0, oxide.
Spectral lines with a g-factor of 4.45 and 2.45 correspond
to the cubic form of Yb,0,-CeO, oxide with Yb** ion. In the

main sample of Yb,0,-CeO, oxide, the spectral lines with
g-factor 4.45 and 2.25 correspond to the single-crystal
form with the Yb** ion. The sample of Yb,0.-CeO, oxide
also has a minimum amount of single crystal with spectral
lines 4800 G, 5300 G, and 6000 G with a g-factor of 1.5, 1.25,
and 1.1, respectively.
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Figure 9. EPR absorption lines for the mixture
Yb,0,-CeO,.at the processing temperature
Ref.-1100 °C-1500 °C

Upon 1100 °C heat treatment, sample spectral fea-
tures demonstrate a decrease in the concentration of the
single-crystal oxide form with a g-factor of 4.45 and the
emergence of lines with a g-factor of 2.45, which corre-
sponds to the emergence and dominance of the cubic
form of ceramic. During heat treatment of 1500 °C in the
EPR spectrum, the spectral lines show the dominance
of lines with a g-factor of 2.25 which correspond to the
emergence of the trigonal phase of Yb,0, oxide. Figure 10a
demonstrates that spectral lines corresponding to the cubic
form of Yb,0, oxide disappear or significantly decrease.

Differenciated EPR Spectroscopy for CeO,-Yb,0, Sample.
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Figure 10a. Derived from Yb,0,-CeO, spectroscopic
EPR lines for different processing temperatures
Ref.-1100 °C-1500 °C

In Figure 10b, the lines found in the EPR spectra
indicate that the lines with a factor of 1.323, 1.421, 4.31,
and 1.522 correspond to the trigonal phase of the oxide
Yb,0,-CeO,. These lines are in the spectrum at 5176 G,
4808 G, 1316 G and 4465 G on the resonant field scale in



the EPR spectrum. EPR lines corresponding to a factor of
2.96, 3.71, 2.62, 5.23, 1.234 also belong to the trigonal form
of the oxide Yb,0,-CeO,. These lines are in the spectrum
at 2120 G, 1592 G, 2488 G, 1023 G, and 5595 G on the resonant
field scale in the EPR spectrum.

Differenciated EPR Spectroscopy for CeO,-Yb,0, Sample.
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Figure 10b. Derived from Yb,0,-CeO, spectroscopic
EPR lines and spectral features for different processing
temperatures Ref.-1100 °C-1500 °C

The transmission lines with g-factor values of 2.030
and 3.891 correspond to the cubic phase of Yb,0.-CeO,
oxide, which is presented in Figure 11. The intensity of the
lines with this g-factor dominates in the spectrum of these
oxide samples. These lines are in the spectra at 1592 G and
3250 G on the resonant field scale in the EPR spectrum.
In this case, as Figure 12 demonstrates, the Yb** ion takes
the form of the main ion in the crystal of this oxide based
on (REOs).

Discussion
Recently some of the researches have been done on the
CeO, oxides [22]. For example, heterostructured CeO,-M
(M=Co, Cu, Mn, Re, Ni) oxide nano-catalysts are described
in [26]. In addition, how environmentally relevant UV-A
exposure affect the toxicity of cerium oxide and CeO,-based
nanostructure materials is considered and represented
in [22]. The comparison of the results with the research
achieved by other investigators conclude that this result is
close to the result obtained on the similar objects (Cu-CeO,)
by investigations, see [27]. At the same time, it possible to
conclude that our results are unique and does not always
coincide with the EPR investigations on similar objects [21].
The features of EPR for Yb,0,-CeO, samples were
processed and analysed by means of the EPR spectroscopy.
The features of the spectra indicate the presence of EPR
spectral transition lines for Yb,0, and correspond to the
number of ions of the corresponding material. The in-
tensity of the EPR lines corresponds to the emergence of
spins in the appropriate form. The value of the resonant
field characterises the form of the corresponding spin.
The integrated spectral characteristic also corresponds to
the number of oxide spins in the corresponding Yb,0,-CeO,
mixture. The EPR Intensity is responsible for the magnetic
susceptibility for a given Yb,0,.-CeO, oxide material. The
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Figure 11. Integrated lines of EPR spectra of Yb,0,
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Figure 12. Integrated lines of EPR spectra of Yb,0,
Yb,0,-CeO, samples and their correspondence
Lorentz theoretical model

value of the resonant field is responsible for the magnetic
features of the corresponding mixture. The width of the
spectral line (FWHM) determines how much of this sample
mixture is presented in the form of a ferromagnet. The
differential characteristic determines the emergence of
this ion in this form of the oxide. The characteristic deter-
mines the ionic features of the mixture of Yb,0.-CeO, oxide
material. Confirmation of the hypothesis in this mixture
of Yb,0,-CeO, is indicated in the fact that within the the-
oretical Lorentz model it is possible to measure and per-
form studies with complex processing of EPR spectroscopy
results.

Within the framework of this model, it is possible
to further investigate the emergence of Chemical and
Knight's shift in the spectral EPR features. Appropriate
study and interpretation make it possible to investigate
changes in the chemical composition of the phase trans-
formation of the emergence of a mixture, the conversion
of ions or the physical conversion of Yb,0,-CeO, oxide
into another form of crystal structure. The physical trans-
formations correspond to an additional model of shifts in
the spectral EPR range. The prospect of processing the re-
sults of EPR spectroscopy using a mathematical physical
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model allows measuring the process and interpreting the
features and parameters of the material. The hypothesis
of interpretation of EPR spectra using the mathematical
Lorentz model is confirmed on samples of mixtures of ox-
ides based on Yb,03-CeO, for REO oxides of rare earth
elements.

Conclusions

The electron paramagnetic resonance spectroscopy (EPR)
spectra for oxides (REOs) show that during thermal treat-
ment of samples from 120 °C to 1500 °C, changes in inten-
sity, position of spectral lines, changes in the value of
g-factor and changes in the shape of the corresponding
curves in the spectrum were found. Thermal treatment of
oxide samples leads to redistribution in the spectral EPR
features and properties of oxides and the dominance of
features with the corresponding discrete and continuous
values. The correspondence of the theoretical model of
the magnetic properties of CeO, samples in a wide range
of experimental conditions was shown. For experimental
data, the dependence of the intensity of the EPR line is
in good accordance with the theoretical models. Features
for CeO, samples such as line width, line centre, EPR line
shape remain unchanged. While the height of the line, the
area under the curve shows a linear increase with the value
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EINP-criekTpasibHi, MarHiTHi Ta ioHHi XapakreprcTuku nopouikis CeO,, Yb,0,, Yb,0,-CeO,
Ta KepaMiKu Ha iX OCHOBI

Opiit MuxaiinoBud bataeB, Mukosia Mukosnaiiosuy baraes,

OxkcaHna OnekcaHgpiBHa KopHieHko, OsieHa MuxaitiiBHa JlaBpuHeHko, Osecs FOpiiBHa [TaBieHKO

[HCcTUTYT TpO6IeM MaTepiaso3HaBcTBa iMeHi PpanneBuua HAHY
03142, Byn. KpmkaniBcekoro, 3, M. KuiB, Ykpaina

AHoTania

AxTyanbHicTb. [Ipupoza Ta BIACTUBOCTI PiIKiICHO3eMeTbHUX OKCHU/IB BIUIMBAIOTh Ha AMHAMIKY HaMarHidyBaHH:I
Ta IOBEpPXHEBi MAarHiTHI BJACTUBOCTI OTPMMaHUX KepaMiuHMX MaTepiaiiB. JIiHii eleKTPOHHOro IapamMarHiTHOI'O
Pe30HaHCy Ta 3MiHU iX iHTEHCUBHOCTI ZI0TIOMAaraTh 3po3yMiT Gi3uyHi Ta XiMi4Hi ITepeTBOPEHHA OKCUAY B Ipolieci
TepMiuHOi 06pOOKH. BOHM TaKOXK BM3HAYAIOTh BiAMOBiAHY i0HHY GOpMy, KpUCTATIYHY GOPMY OKCHAY Ta MarHiTHI
XapaKTepPUCTUKH.

MeTa. BuBuuTH MeXaHi3M YTBOPEHHsI MTapaMarHiTHUX LEHTPiB (3 BUKOpHCTaHHAM ioHiB Yb®' Ta Ce*'), a Takox
BUBYMTH BIUIUB TeMIIepaTypU Ha IIPOIlecy TepMoreHepallii.

MeToay. BUKOPHUCTAaHO METO/ CIIEKTPOCKOIII eIEKTPOHHOTO ITapaMarHiTHOro pe3oHaHcy. MaremaTudHa o6pobKa
JIiHii piZKicHO3eMeNbHUX OKCH/IiB IIOKa3aHa 3a J0TIOMOT0I0 TEOpPeTUYHOi Mozeti JIopeHIia.

PesynbraTy. CrieKTpU eleKTPOHHOI ITapaMarHiTHOI Pe30HAHCHOI CIeKTPOCKOIIil I 3aJHiX OKCH/IB IIOKa3yl0Th, L0
TepMiuHa 06po6ka Biz 120 °C zo 1500 °C mpu3BOAUTH 10 3MiHU iHTEHCUBHOCTI, 3MiHU TIOJIOXKEHHSI CIIEKTPaTbHUX JiHil Ta
Moaudikariii 3HaueHHs g-paxropa. TepmiuHa 06pobka 3pasKiB OKCHZIB MPU3BOAUTD 10 TIEPEPO3IOALTY CIIEKTPATBHUX
XapaKTepPUCTUK eJIEKTPOHHOI'O ITapaMarHiTHOTO PE30HAHCY Ta BJIACTUBOCTEN OKCHZIB i IOMiHYBaHHSA XapaKTePUCTUK i3
BiZITIOBIIHMMU JUCKPETHUMU Ta Oe3llepepBHIMY 3HAYEeHHIMH.

BucHOBKHM. BucoTa siHil Ta IO Mif KPUBUMY NMPOXKapPEHUX 3paskiB Yb,0, AEMOHCTPYIOTD JliHiliHe 36iTblIeHHs
CTPYKTYPHOI IIepecTaHOBKY Pa3oM i3 361IbIIIeHHAM YK C/Ia MAaTHITHUX ZIoMeHiB. CIIEKTPH eJIEKTPOHHOTO ITapaMarHiTHOTo
pesoHaHCy BUXiaHOI cymimi okcuzy Yb,0,-CeO, MOKasyloTh 3MiHy CMEKTPOCKOIIYHUX XapAaKTEPUCTHK Ta (OopMH
kaTioHiB Yb**

KirrouoBi cioBa: giokcus 1iepito, okcuz iTepb6ito, kepamika Ha ocHoBi P3E, cmextpockomis EIIP, guHamika
HaMarHiueHOCTi, IOBepXHeBi MarHiTHi BIaCTUBOCTI



